ABSTRACT: Resorcinol-formaldehyde resin (RFR) was synthesized as a porous material characterized by specific surface area of 140 m 2 /g and pore volume of 0.59 cm 3 /g with major proportions of broad mesopores and macropores. The interfacial behavior of water at low (h = 0.05 g of water/gram of dry RFR) and high (h = 2 g/g) hydration degrees depends on temperature and pore size filled by unfrozen water because its freezing-point depression increases in narrower pores. When water is mixed with co-adsorbates, the effects of such co-adsorbates as non-polar, weakly polar and polar organics depend on the amounts and the pore sizes. Even at a low hydration degree (h = 0.05 g/g), a portion of water can be displaced from pores by organic co-adsorbates because water has a relatively weak interaction with the RFR surface.
ABSTRACT: Resorcinol-formaldehyde resin (RFR) was synthesized as a porous material characterized by specific surface area of 140 m
INTRODUCTION
Resorcinol-formaldehyde polymeric materials such as resins, gels, adhesives and glues are widely used in several industrial applications (Bachmann and Müller 1973; Pekala 1989) . Resorcinol is slightly toxic and has high activity in reactions with formaldehyde in aqueous solutions free of organic solvents. Addition of even small amounts of acidic or basic catalysts can strongly affect the resorcinol-formaldehyde polycondensation processes and the structural features of these materials. Variations in concentrations of reactants and water as a solvent and changes in the catalyst type (e.g. carbonates or hydroxides of sodium or potassium) and content allow for significant and controlled changes in the structural, morphological and textural characteristics of the gels and related materials (ElKhatat and Al-Muhtaseb 2011) . The structural and morphological characteristics of resorcinol-formaldehyde resins (RFRs) as products of polycondensation of resorcinol and formaldehyde (Pekala 1989; Pekala and Schaefer 1993) depend on the amounts of water in the reaction mixtures (Gun'ko et al. , 2014 . The surface of an RFR particle contains a number of hydroxyl groups. Therefore, these materials can be used as ion exchangers (Adamson et al. 2006; Arm et al. 2006; Shady and El-Sadek 2013; Singare 2014) . By contrast, the presence of a number of aromatic rings in the RFR structure allows for the use of these materials as precursors of chars and activated carbons (ElKhatat and Al-Muhtaseb 2011; Horikawa et al. 2004a, b; Léonard et al. 2005; Moreno et al. 2013; Szczurek et al. 2011; Tanaka et al. 2011; Xu et al. 2012; Zhang et al. 2007 ). Many of the RFR properties depend on the presence of both hydroxyl groups and aromatic rings, which are also responsible for the mosaic character of the RFR surface (Al-Muhtaseb and Ritter 2003; Job et al. 2007; Pekala 1989) . This aspect is of importance while analyzing the interfacial behavior of different co-adsorbates (e.g. polar, weakly polar, non-polar, aromatic, non-aromatic). Therefore, the aim of this work was to study the influence of the acidic (trifluoroacetic acid, TFAA) and basic (pyridine) co-adsorbates on the interfacial behavior of water bound in pores of RFR with different dispersion media (e.g. CDCl 3 , n-decane, CCl 4 , acetonitrile).
EXPERIMENTAL ANALYSIS Materials
RFR was synthesized using an aqueous solution of resorcinol and formaldehyde at the resorcinolto-formaldehyde molar ratio of 1:2. This ratio helps to produce completely cross-linked three-dimensional polymer mesh, that is, the porous RFR (ElKhatat and Al-Muhtaseb 2011; Shady and El-Sadek 2013) . Water plays the role of both a solvent and a porogen. The resorcinolto-water ratio used was 1:1.67 g/g. The solution was heated to boiling point, and during this period, fast sol-gel reactions occur to form a solid gel. This gel was dried at 120 °C in air for 1 hour. The gel was then powdered in a porcelain mortar.
Characterization Methods
Morphology of the sample prepared was studied using an FEI Quanta 3D FEG high-resolution field emission scanning electron microscope (SEM). The textural characteristics of RFR were determined using low-temperature nitrogen adsorption-desorption isotherm recorded on a Micromeritics ASAP 2420 V2.09 analyzer. The specific surface area (S BET ) was calculated according to the standard BET method (Gregg et al. 1979) . The total pore volume was estimated from the volume of nitrogen adsorbed at relative pressure (p/p 0 ≈ 0.98-0.99). The pore-size distributions (PSDs) were calculated using the nitrogen adsorption-desorption isotherm by applying the modified Nguyen-Do ( . The f V (R) and f S (R) functions were also used to calculate the contributions of nanopores (V nano and S nano at 0.35 < R < 1 nm), mesopores (V meso and S meso at 1 <R< 25 nm) and macropores (V macro and S macro at 25 <R< 100 nm) to the total pore volume and the specific surface area. The PSD and particle-size distribution were calculated from the SEM image using Fiji software with two plug-ins, namely, granulometry and local thickness (Fiji 2014) . The proton nuclear magnetic resonance ( 1 H NMR) spectra were measured using a high-resolution Varian 400 Mercury spectrometer (magnetic field = 9.4 T) by probing 90-degree pulses of 3-ms duration at a bandwidth of 20 kHz. Temperature was regulated using a Bruker VT-1000 device with the accuracy of ±1 K. With regard to 1 H NMR signal intensity, relative mean errors were smaller than ±10% and ±5% for overlapped signals and single signals, respectively. The accuracy was improved by digital treatment of signals with compensation of phase distortion and zero-line nonlinearity using the same intensity scale at different temperatures (Gun'ko and Turov 2013). Before obtaining 1 H NMR measurements, the RFR sample was allowed to adsorb water [hydration degree (h) = 0.05 g/g] from air at atmospheric pressure. The hydration degree for a strongly hydrated sample was 2 g/g. The spectra were recorded during heating of samples (frozen to 210 K) to 280 K at the following conditions: time step (DT) = 2.5-10 K and a heating rate of 5 K/minute for 2 minutes (or <2 minutes at a smaller value of DT). The conditions are maintained at a fixed temperature for 8 minutes. To study the effects of various media, the weakly hydrated RFR sample (h = 0.05 g/g) was placed into a solution of CDCl 3 alone or into a mixture containing CCl 4 , n-decane, TFAA-d, Py-d 5 or acetonitrile-d 3 . The water bound in pores of RFR without other coadsorbates was studied with NMR cryoporometry using the Gibbs-Thomson equation at the equation constant k GT = 29 nm (Aksnes and Kimtys 2004; Petrov and Furó 2009) . . The shape of the isotherm suggests that this material is mainly characterized by broad pores; therefore, V nano < V meso < V macro and S nano < S meso ( Table 1 ). Note that the CV/SCR model produces only relatively small errors (approximately 8%; Table 1 , Dw).
RESULTS AND DISCUSSION

Microparticles
The PSD is wide [ Figure 2 (b)] and includes contributions of nanopores, mesopores and macropores. The pore volume (Table 1 , V p ) mainly depends on broad pores, and the average pore radius <R V > [determined as a ratio of the first to zero moments of f V (R)] with respect to the pore volume is 34.9 nm. However, by contrast, the specific surface area depends more strongly on the contribution of narrower pores (Table 1) , and average pore radius <R S > [i.e. the ratio of the first to zero moments of f S (R)] with respect to the specific surface area is 8.02 nm. Relatively close IPSD values were obtained from all the pore models used [ Figure 2 The RFR texture discussed earlier can affect the interfacial behavior of water adsorption, either alone or water co-adsorbed with various compounds (non-polar n-decane and CCl 4 ; weakly polar CDCl 3 ; and polar CD 3 CN, Py-d 5 and TFAA-d).
In a weakly hydrated RFR sample (h = 0.05 g/g), water can contact only a minor part of the polymer surface (Table 2 ; S cryo << S BET ). However, after boiling the sample, water (h = 2 g/g) can fill all pores and S cryo ≈ S BET . Note that after freezing, V c,meso > V meso (Tables 1 and 2 ). This effect is due to freezing of water in pores, which are enlarged due to the volume of ice (volume of ice > volume of liquid water). Similar effects were reported by Gun'ko et al. (2005) for various polymers. H NMR signal is observed for water (h = 2 g/g) bound to RFR [ Figures 3(a and b) ]. An asymmetrical shape of this signal can be due to spatial non-uniformity of the sample. The chemical shift of the proton resonance d H ≈ 5 ppm is close to that of bulk water in strongly associated state (Gun'ko and Turov 2013). The signal intensity decreases with decreasing temperature due to partial freezing of water in pores, because bulk water freezes at 273 K. Maximal reduction in signal intensity is observed at 265 K < T< 273 K. This suggests that a significant fraction of water is weakly bound. The total volume of water unfrozen at 273 K is approximately 0.96 g/g (Figure 4 ), which is greater than V p due to swelling of RFR in boiling water and elongation of pores by ice crystallites that are formed during freezing ofwater in pores. By contrast, at a low hydration degree (h = 0.05 g/g), a major fraction of water is strongly bound ( Figures 3(d and e) ]. The latter could be attributed to the various forms of weakly associated water (WAW) affected by both pore walls (vs. pore size) and co-adsorbates located in pores. An increase in the n-decane content leads to strong reduction in WAW signals. The signal of strongly associated water indicates an upfield shift by 1 ppm [ Figures  3(d and e) ]. The amounts of SBW are 0.02 and 0.04 g/g at h = 0.05 and 2 g/g, respectively. Water is weakly bound to the RFR surface, because the values of the Gibbs free surface energy (Table 2, g S ) are small. For example, these values are smaller by an order of magnitude than that for water bound to silica at a similar specific surface area (Gun'ko and Turov 2013).
At h = 0.05 g/g, water more strongly fills the narrow pores of RFR microparticles [ Figure 5 (a); PSD). However, this water is distributed relatively uniform with respect to the water volume in pores at R = 2-10 nm (see IPSD). At h = 2 g/g, unfrozen water fills almost all pores at R < 10 nm [ Figure 5(b) ; PSD]. In this case, the volume of water located in larger pores is greater than that in narrow pores (see IPSD). Therefore, the values of S c,meso and V c,meso increase (Table 2) in comparison with the weakly hydrated sample. As a result, there is in an increase in the average melting temperature <T m > that suggests reduction in interactions between water and the FR surface.
Addition of TFAA to a CDCl 3 /C 10 H 22 mixture [ Figure 6 Signal 4 is close to the signal of pure TFAA. Signals 2 and 3 correspond to mixtures of TFAA with water (with lower contents of TFAA compared with Signal 4). At T < 240 K, Signal 4 disappears, and Signals 2 and 3 demonstrate the upfield shift. This can be explained by the freezing of a fraction of TFAA (its melting point is 257.8 K) that is accompanied by a decrease in the TFAA content remaining unfrozen in the RFR pores. Despite the presence of polar TFAA, the signal of WAW is observed. This can be explained by the presence of water molecules in narrow nanopores of RFR, which are inaccessible for larger TFAA molecules. In addition, interfacial water in the clusters of SBW is a poor solvent with very low activity even with respect to such compounds as TFAA . Addition of polar CD 3 CN strongly affects the 1 H NMR spectra of water and dissolved TFAA that are located in pores [Figure 6(c) ]. There are only two signals at d H = 9.0-9.5 and 9.5-10.0 ppm, which can be assigned to the water-TFAA structures in pores of RFR. However, acetonitrile can displace a portion of water from the pores of RFR. Therefore, TFAA-water-acetonitrile can form associates both inside the pores of RFR and in the bulk solution outside the pores. The TFAA-water-acetonitrile formation exhibits a narrow signal.
When pyridine is added to a mixture of CDCl 3 /CCl 4 [Figures 6(d and e) ], the signal of the 1 H NMR spectra (broad or narrow) depends on the amount of pyridine added. With lower amounts 852 V.M. Gun'ko et al./Adsorption Science & Technology Vol. 32 No. 10 of pyridine, a broad signal of water is observed at d H = 1-8 ppm [Figure 6(d) ]. However, this broad signal includes several narrow signals. A narrow signal at 5 ppm can be assigned to the water-pyridine complexes that are formed both in the pores of RFR and in the bulk solution. With the addition of greater amounts of pyridine [Figure 6(e) ], this signal becomes predominant. This suggests that the bulk phase is the main contributor to this signal.
Thus, the influence of pyridine on water bound in pores of RFR can be different. First, addition of pyridine into the water diminishes its associativity, resulting in an upfield shift. By contrast, the pyridine molecules can attach protons that are responsible for the downfield shift. Both types of signals are thus observed in the 1 H NMR spectra [ Figures 6(d and e) ]. Consequently, both neutral and protonated molecules of pyridine are in these systems.
CONCLUSIONS
Water is weakly bound to the RFR surface, because the values of the Gibbs free surface energy are small. The amount of SBW is much smaller than the volume of pores in RFR. This can be explained by a small volume of nanopores (0.015 cm 3 /g) and narrow mesopores (at radius 1 < R < 3 nm) in RFR. In addition, this is also because water is located in broad mesopores (R = 20-25 nm), and macropores (R > 25 nm) are mainly weakly bound. In weakly polar media (CDCl 3 with various organic solvents, such as n-decane, acetonitrile, CCl 4 or acidic TFAA or basic pyridine), a portion of water is displaced from pores to the bulk solution. The fraction of water remaining in the pores is transformed from strongly associated state (d H = 4-5 ppm) into weakly associated state (d H = 1-2 ppm). The water clusters, located in pores of various sizes from nanopores to mesopores and macropores, can interact differently with pyridine and TFAA molecules because the narrow the pore, the lower the activity of water as a solvent in these narrow pores. Addition of acetonitrile to the mixture of CDCl 3 -n-decane-TFAA-water causes transfer of a fraction of the TFAA-water complexes to the bulk of organic solvents. Addition of pyridine to CDCl 3 -CCl 4 -water results in the formation of water complexes with both neutral and protonated pyridine molecules.
The analyzed features of the interfacial behavior of water with non-polar, weakly polar and polar co-adsorbates and solvents show that adsorption and other properties of RFR strongly depend on the type and composition of liquid media as well as on the textural characteristics of the RFR adsorbent per se.
